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ABSTRACT Based on the statistical data and experience knowledge of the coal blending and coking pro-
cess , a mathe matical model and rule model which forecast the quality of coke and compute blending ratio of
coal (BRC) were presented. An algorithm to compute BRC was provided by combining the two models men-
tioned above . A twolevel expert control system ( ECS) composed of industrial computers and a Honey well
S9000e controller was designed to calculate BRC and control the coal-blending process, which can not only
guarantee the precision of calculating BRC but also make the actual BRC follow the target BRC. The accuracy
of coal blending and the prediction precision of coke quality have been come up to 97 % and 95 % respectively .
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1 INTRODUCTION

As a kind of intelligent method, expert con
trol can deal with all kinds of quantitative or
qualitative , precise or fuzzy information by com-
bining perceptual experience with algorithms . It
can flexibly correct control strategies and param-

eters according to omline information to achieve
[1.2]

good performance . Since expert control was
proposed by ,&strOm“], people have paid close
attention to it . Progresses in its theory and ap-

plication have been made! *!

. Recently , some ex-
pert control systems were applied in complicated
process in nonferrous metals industry successful-

[5:61  But how to improve performance of ex-

ly
pert control syste m effectively to a practical ob-
ject in industry is still a difficult problem which
needs further study .

In iron and steel industry, the quality of
iron produced in blast furnace is directly influ-
enced by the quality of coke , while the quality of
coke depends on the quality of blended coal. In
coalblending process different kinds of coal are
blended with each other in a proper ratio to form
blended coal before it is sent to coke oven to
make coke . This is a complex industrial process

@ Project 863 - 511 - 945 - 014 supported by 863 HTRDP

influenced by many factors, in which many
physical and chemical changes have occurred.
So, it is very difficult to describe the relationship
among the quality of coke , blended coal and each
kind of coal'”!. In the past , the blending ratio of
coal( BRC) is determined by engineers according
to qualities of each kind of coal , production envi-
ronment and experience , etc. Because there are
too many kinds of coal and the composition of
coal may change, it is very difficult and impre-
cise to calculate BRC manually. Even though
BRC is worked out, the quality of blended coal
can not be guaranteed as a result of imprecision
of blending coal manually . Therefore, based on
the characteristics and experience knowledge of
coal- blending and coking process , an expert con-
trol system is designed to control the coal-blend-
ing process which calculates BRC, forecasts the
quality of coke and controls the flow of coal .

2 STRUCTURE OF ECS

In an iron and steel corporation there are
seven coal buckets. Each kind of coal is sent
from coal field and conveyed to belt 0, then put
into a coal bucket . When a disc feeder is started ,
coal in bucket is conveyed to belt 1 by rotation of
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disc. Coal is blended evenly by the crasher and
return belt , and then sent to coke oven. In the
past , operators controlled the flow of each kind
of coal through regulating positions of thimbles
and dampers manually. The production process
of blending coal is showed in Fig.l .

A twolevel expert control system composed
of expert system and distribution control syste m
( DCS) is constructed. The expert system , based
on the process and experience knowledge , calcu-
lates BRC of each kind of coal as target value to
DCS according to quality indices of coke and each
kind of coal. DCS is composed of a monitoring
computer, frequency converters, belt balances,
and S9000e controller with modules such as A/ D
converters, D/ A converters, digital input mod-
ules ( DI) , and digital output modules ( DO) . As
the uppercomputer of S9000e controller, the
monitoring computer is in charge of program
configuration , adjust ment of control parameters ,
display of running states, and communication
with the expert computer. The S9000e con-
troller imple ments control of flow of coal , which
should follow the target value that is worked out
by the uppercomputer. The structure of expert
contrll syste m( ECS) is shown in Fig.2.

3 CALCULATION OF BRC

Calculation of BRC is to properly select the

Fig.l

blending ratio of each kind of coal to improve the
efficiency of blending coal on condition that the
quality of coke is guaranteed. The relationship
between BRC and the quality of coke can not be
described with single mathe matical model, so a
method on combining mathe matical model with a
rule model is presented to seek proper BRC.

3.1 Prediction model of coke quality

The effect of making iron in blast furnace is
directly influenced by breakage resisting My,
wearability-resisting M, , sulfur content S% and
ash content A% of coke, and the cohesive index
G, volatilization content V; , sulfur content S%p
and ash content A% of the blended coal influence
the quality of coke!®1. Since the blended coal is
made from many kinds of coal , its quality indices
are determined by the quality indices and BRC of
each kind of coal . Two steps are taken to fore-
cast the quality of coke: at first the quality of
blended coal is forecasted with the quality indices
of every kind of coal in bucket, then the quality
of coke is forecasted with the quality of blended
coal .
3.1.1

Only physical changes occur in coal-blend-

Prediction of blended coal quality

ing process , so the quality of blended coal can be
forecasted by weighed computing quality indices
and BRC of each kind of coal .

Process of coal-blending
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Fig.2 Structure of ECS
FC —Frequency converter ; CCP —Coal blending and coking process

If the blended coal is composed of N kinds
of coal, X;is the BRC of kind i , and let its cohe-
sive index be G;, volatilization content Vg; , sul-
fur content S%,;, ash content A§;, the quality
indices of the blended coal can be calculated as

N
G= 2,XG +AG (1a)
Yy
V= DX Vit AV (1)
Ty
S%, = 2 X;Shai + AS (1¢)
1N=1
AE = DX A%+ AA (1d)
i=1
where AG, AV, ASand A A are experience

rectifying values of cohesive index , volatilization
content, sulfur content and ash content respec-
tively . Let

G, G, - Gy

D- Va Ve - Van
Sha Sthex - Stan
Ay AR - Afy
X G AG

V]'

x=| 2 p= ' ap=| %Y
S, AS
Xy A% AA

Equation (1) can be expressed as
P= DX+ AP (2)

The forecasting error of times k + 1 is de-
fined as the subtraction of the forecasting value
P( k) and the actual value P,( k) of times kjust
as following :

AP(k+1)= P(k)- Ps(k) (3)

A set of experience rectifying values A G,
AV, AS and A A is selected to form AP(1) at
first, so the model to forecast the quality of

blended coal is obtained :
k

AP(k+1)= X[ D(n) X(n) -

=1

Py(n)] + AP(1) (4a)
P(k+1)=D(k+1) X(k+1) +
AP(k+1) (4b)

3.1.2

Ash is inert and re mains complete , and sul-
fur is decomposed, about 25 % ~ 35 % of which
runs out during the coking process, so we can

Prediction of coke quality

get
ar = Loag s aae (5a)
Iy
13
5y = I]cS%p + AS% (5b)
where .= 0.75 ~ 0.801is coking rate, =

0.65 ~ 0.75 is sulfur residual rate, A A® and
A S§§ are rectifying value of ash and sulfur con-

tent whose solutions are derived as same as A P.
The main factors which influence M,, and
M are such quality indices of the blended coal
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as G, Vlr3 and A% . By using of statistical data of
the production process, the relationship can be
gotten with linear regression method.

My = ag+ a; G+ a, Vi, + a3 A5 (6a)

MIO = bo + bl G+ b2 V;+ b3 A% (6b)

where a;and b;(i = 0,1 ,2,3) are regressive
factors . Let
y= [ My Mio]
z=[1 G V; Af]
ag by
0= a, b
a, by
a; by

Then Eqn.(6) can be simplified as:

y= z0 (7)

If nindependent groups of data are selected
from statistical data of the process as sampled da-
ta,
z(1)

2

z(ny - 2
z(n)
1 G()
1 G(2)

V()
Vi(2)

AL (1)
AL(2)
1 G(n) Vy(n) A (n)
y(1)

y(ny - Y&

y(n)

And let ] be an objective func/Eion shown in
Eqn.(8) , the estimated value O ( n) of least
mean square of ¢(n) is found from Eqn.(9) :

J(m) = SLy(i) - 20 ALy -

=1
z(i) 01" (8)
0(m =12Z"(n) Z(m1 " Z2"(n) Y(n)
9)
The coking environment , kinds of coal and
quality of each kind of coal will change with
time. Therefore the mathe matical model which
forecasts the quality of coke is rectified by omrline
information to guarantee precision of the predic-
tion model. That is to say, A A® and AS§ in
Eqn.(5), Ié(n) in Eqn.(9) are rectified omr
line .

3.2 Calculation of BRC

BRC is calculated according to the given
quality indices of coke and each kind of coal . Be-
cause the quality indices of coke are described
with a set of inequalities , the rule model to cal-
culate BRC is established firstly .

3.2.1 Rule model

Aimed at the characteristics of coal- blending
and coking process, a rule model to calculate
BRC can be established by production rules in
form of “IF conditions THEN results” . In these
rules, the conditions are ordinarily consisted of
running states, and the results are the strategies
to compute BRC. The main rules include :

R': IF Myo is less than Mg OR M, is
greater than M;og THEN G is increased AND
V, is decreased

R?: IF M, is much greater than M, OR
M,y is much greater than Mg THEN Gis de-
creased AND Vlr3 is increased

R’: IF Gis less than Gg AND G, is greater
than Gg THEN X; is increased

R*: IF Gis less than Gg AND G; is lower
than Gg THEN X; is decreased

R’: IF Gis much greater than G5 AND G;
is greater than Gg THEN X, is decreased

R®: IF Gis much greater than Gg AND G;
is less than Gz THEN X; is increased

R’: IF V, is greater than V g AND Vy; is
greater than V;G THEN X; is decreased

RY: IF V, is greater than V g AND Vy; is
less than Vg THEN X;is increased

R’: IF S%yis greater than S§, g AND Sgy;is
greater than 5S¢, THEN X;is decreased

R?: IF S%p 1s greater than S, AND S%;
is less than S%,c THEN X; is increased

R'': IF Af is greater than A5 AND Aj; is
greater than ASg THEN X;is decreased

R'?: IF Af is greater than A5 AND Aj; is
less than ASg THEN X; is increased
My
S%,c and Afgare given indices .

3.2.2 Algorithm of BRC

The expert system computes BRC by means

of prediction model and rule model. At first the

In the rules, Myog, Gg, Vigs
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quality index of the blended coal is determined
according to the given quality index of coke,
then BRC is computed according to the quality
index of blended coal .

Let My, Mg, Shgand Af be the given
qualitative indices of coke, the given guality in-
dices Gg, V,ys, Sty and Afg of the blended
coal are to be found to make the quality of coke
satisfy the following for mulae :

My 2 Myg (10a)
My < Mg (10b)
5% < She (10¢)
A% < Ag (10¢)

The method to determine the quality indices
of blended coal includes several steps. Firstly a
set of experience value of the quality indices of
blended coal is chosen as initial value . Secondly
My, My, S§, and A% of coke are computed
according to Eqn.(5) and (7) . If the indices of
coke can not satisfy formula (10) , the quality
indices of blended coal are to be regulated until
the quality indices of coke satisfy formula (10) .
The regulating algorithm is
Gg = Gg+ AGg (11a)
;G = V;G + A V;G (11b)
If such indices satisfy the condition in rule
R', the regulating amounts of Gg and V;G are
computed by

AGMI = le N +

AVu = ky — ~ 7 +

If such indices satisfy the condition in rule
2 .
R®, the regulating amounts of Gg and V;G are

computed by
Myog + Mmao - My

AGM2= kMS

a L
K Moo + Mmo - My
M4 bl L
My + Mo - My
A VMZ = kv3 az L

K Mo + Mmoo - Mio
\z! b, L
So regulating amounts A Gg and A V;G are

calculated by
AGg = AGy + AGy
AVig= AVy + AV

where

(12a)
(12b)
L is the computing step length whose
value influences the calculation convergence , ky;
and ky;(i =1,2,3,4) are the experience rec-
tifying coefficients, My is the subtraction of
Mo and the maximum permitted value of My,
My is the substration of M, and the mini-
mum permitted value of M, .

The method to determine BRC by the quali-
ty of blended coal includes several steps. At
first, an experience value of BRC is selected as
initial value ; then G, V;, S%p, and A% of the
blended coal are computed with Eqn.(4) ; and
these indices are judged by the conditions in rules
R ~ R'?. If some conditions are satisfied, the
BRC will be rectified according to the corre-
sponding rule ; if not, the calculated BRC is used
to check whether such quality index of the
blended coal can be reached. The rectifying algo-
rithm is given by
X, = X;+ AX

1

(13a)

Gg- G
AXI' = = N
L, xsgn(G; - G) x ZG,-
i=1

A X; is the rectifying value, L, is the

(13a)

where
rectifying step length and sgn() is a signal func-
tion whose result is 1 or - 1 .

4 DESIGN OF DCS

DCS realizes automation of the coal blend-
ing process. Its monitoring computer receives
the target value of BRC from the expert system
as given value . Seven PI control loops are ap-
plied to control the flow of coal from seven coal
buckets whose main tasks are restraining distur-
bance .

Uck-1)  le(b|<e
Ui(k- 1) + Kle(k) -
ei(k- 1)] + Kyei(k)
‘ e; (k) ‘ > &
(14)

Ui(k) =
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where i=1,2, ...,7; €is the dead zone ,
which is 0.3t/h; K,and K;are the proportional
and integral coefficients of the controller, which
are 0 .4 and 0.3 . The regulating period is 2 sec-
onds. The digital control signal U;( k) is con-
verted by D/ A module to voltage between 0 ~10
V, and sent to a frequency converter to control
the rotational speed of the disc motor. Then the
feeding volume of coal is changed and the volume
of each kind of coal is regulated to match the giv-
en value .

DCS conducts automatic start and stop of
the disc feeders, realtime display for the height
of coal in the bucket, realtime alarm for mal-
functions, printing and displaying of historic
trend curves and report tables. The height of
coal can be calculated by Eqn.(15) without level
transducers ,

which diminishes the working

amounts of maintaining equip ment .
T T,
j D'Uodt —J‘ 'Uidt - JT( to + k]’li)zl’li =0
0 0

(15)
where h;is the height of coal in bucket i , and
7o is the bottom radius of the conical bucket, kis
the conical gradient, vy and T, are the feeding
speed and feeding time of belt 0 to bucket i, v;
and T; are the feeding speed and feeding time of

belt 7.
5 APPLICATION EFFECTS

ECS has been put into practice since De-
cember 1994 . The running results during these
years have showed reliability, stable perfor
mance , and high precision of the system . Every
performance index has been reached or been
higher than required. Curve 1 , 2 and 3 in Fig.3
are the historic trend curves in eight hours of
flow of blending coal whose target value are
44 .68 t/h,35.72t/h and 27 .53t/ h. It is con-
cluded that the disturbance can be restrained
quickly in desired area and the precision of
blending coal can reach 97 % from 65 % when
blending manually . The forecasting precision of
coke quality is higher than 95 % in which the
maximum error of My, and My is 2.8 %, and
the minimum is 0.1 % ; the maximum error of
A%is 4.3 %, and the minimum is 0.6 % ; the

maximum error of S% is 4.8 %, and the mini-
mum is 3.1 %.

Fig.3 Historic trend curves in eight
hours of flow of blending coal

The technique
mathe matical model with rule model can avoid

which combines analytic

establishing complex mathe matical model and
process all kinds of qualitative or quantitative,
precise or fuzzy information. It is an important
technique to realize control in complex industrial
process. The running results have showed the
effectiveness . The prediction model of coke qual-
ity , the calculation method of BRC, the control
strategy for the flow of blending coal can be
widely applied to coalblending industry .
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